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a b s t r a c t

Genetically modified crops are becoming important components of a sustainable food supply and must
be brought to market efficiently while also safeguarding the public from cross-reactivity of novel proteins
to known allergens. Bioinformatic assessments can help to identify proteins warranting further experi-
mental checks for cross-reactivity. This study is a large-scale in silico evaluation of assessment criteria,
including searches for: alignments between a query and an allergen having P35% identity over a length
P80; any sequence (of some minimum length) found in both a query and an allergen; any alignment
between a query and an allergen with an E-value below some threshold. The criteria and an allergen data-
base (AllergenOnline) are used to assess 27,243 Viridiplantae proteins for potential allergenicity. (A pro-
tein is classed as a ‘‘real allergen’’ if it exceeds a test-specific level of identity to an AllergenOnline entry;
assessment of real allergens in the query set is against a reduced database from which the identifying
allergen has been removed.) Each criterion’s ability to minimize false positives without increasing false
negative levels of current methods is determined. At best, the data show a reduction in false positives
to �6% (from �10% under current methods) without any increase in false negatives.

� 2013 Elsevier Inc. All rights reserved.

1. Introduction

Prior to commercialization, genetically modified (GM) crops un-
dergo an extensive safety evaluation. One component of this eval-
uation is the assessment of the newly expressed protein(s) for
allergenic potential. Currently, no single factor is recognized as
an identifier for protein allergenicity. However, in silico screening
of genetic modifications has become mandatory and may help to
identify novel proteins possessing possible allergenic cross-reac-
tivity – and therefore warranting subsequent experimental tests
for confirmation (e.g., IgE-binding studies, pepsin digestibility
studies, etc.). These data (and their quality) are then weighed to
reach a conclusion regarding risk (Codex Alimentarius Commis-
sion, 2009).

Near-identity of candidate protein sequences with known aller-
gens will certainly identify them as such, if that is the case, and ser-
um testing would presumably be unnecessary. For those query
sequences that do not clearly match known allergens, bioinfor-
matic assessment, although not a replacement for empirical
assessment of IgE binding, can provide insight into possible
cross-reactivity, as sequences sharing a high degree of identity

often share immunologically relevant topology (Aalberse, 2000;
Aalberse et al., 2001; Goodman et al., 2008.) Traditionally, such
analysis consists of two components: A search for short linear epi-
topes as well as comparison of primary amino acid sequences
using FASTA (Pearson and Lipman, 1988) or BLAST (Altschul
et al., 1997) to locate possible shared conformations (Cressman
and Ladics, 2009). Recent publications (EFSA, 2011; Goodman,
2008; Goodman and Tetteh, 2011; Harper et al., 2012; Herman
et al., 2009; Ladics et al., 2011; Young et al., 2012) have argued that
the standard search for a sequence of eight or more amino acids
found in both the query and a known allergen provides little value;
however it has been demonstrated that insertion of a short stretch
of amino acids derived from a known allergen into the correct
conformational context can result in an increase in specific IgE
binding (Klinglmayr et al., 2009). Additionally, the default local
alignment search criteria have been constrained by the imposition
of a defined threshold (P35% sequence identity over an alignment
length P80) (Ladics et al., 2007). This constraint neglects many of
the features that help to define relevant homologies between
sequences, features incorporated into the algorithms themselves
(e.g., E-value [expectation value], which is a measure of the relat-
edness between protein sequences). A small E-value (e.g., 10�8)
indicates a potential biologically relevant similarity in the context
of potential allergenic cross-reactivity; large E-values (>1.0) repre-
sent random alignments that do not possess biologically relevant
similarity (Pearson, 2000; Silvanovich et al., 2009).
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In order to investigate the refinement of current bioinformatic
practices for assessing potential cross-reactivity, we have under-
taken a systematic investigation of the effect of various in silico
assessment criteria on the ability to distinguish real allergens from
non-allergens. The various criteria include one or more of the fol-
lowing components: (1) A check for the presence of an alignment
between a query protein and an allergen having P35% sequence
identity over an alignment length P80 (Codex Alimentarius Com-
mission, 2009); (2) a check for the presence of a sequence, at or
above a specified length, found in both a query protein and an
allergen; and (3) a check for the presence of an alignment between
a query protein and an allergen with an E-value at or below some
specified threshold. While there have been previous investigations
into the way some of these criteria affect detection rates (Silvano-
vich et al., 2009), to our knowledge there have been no studies on
this scale. Our analyses have uncovered numerous potential aller-
genic assessment criteria that are able to lower the current percent
of false positives without raising the current percent of false nega-
tives – at best, a reduction in the percent of false positives from
�10% to �6% (a >40% reduction) is achieved without any increase
in the percent of false negatives and with only minor changes to
the existing criteria.

To date, there have been no known instances of transgenic pro-
teins in GM crops inducing responses in humans. As food demand
increases while environmental pressures grow, it is essential that
the adoption of promising crop traits not be delayed by extraneous

experimental investigations caused by positive but misleading bio-
informatic matches. Therefore, in silico predictions of possible
cross-reactivity should be as useful as possible, and it is hoped that
the results provided here will help to serve that end.

2. Methods and materials

2.1. Query proteins

The entire set (31,897 sequences) of reviewed Viridiplantae pro-
teins was obtained from UniProtKB/Swiss-Prot (http://www.uni-
prot.org). Under current Codex guidelines, an alignment of a
protein to an allergen must possess a length P80; therefore, se-
quences with lengths smaller than 80 amino acids were removed
from further consideration. Additionally, any sequence annotated
as a ‘‘fragment’’ was removed. The final query protein dataset con-
tained 27,243 protein sequences. See Fig. 1.

2.2. Allergens

Version 12 (January 2012) of the AllergenOnline database
(http://www.allergenonline.org), a peer-reviewed allergen data-
base compiled by the Food Allergy Research and Resource Program
(FARRP) (http://farrp.unl.edu) at the University of Nebraska,
Lincoln, was used for analyses. AllergenOnline v12 contains 1603
protein sequences.

Fig. 1. Process flow chart. The entire set of reviewed Viviplantae proteins (31,897 proteins) was downloaded from UniProtKB/Swiss-Prot (http://www.uniprot.org). All
proteins smaller than 80 amino acids in length, as well as all fragments, were removed. The first of the remaining 27,243 proteins was selected. This protein was compared
against the 1603 proteins in the Food Allergy Research and Resource Program’s (FARRP) AllergenOnline (http://www.allergenonline.org) (Version 12) (AllergenOnline v12)
dataset and declared a ‘‘real allergen’’ if sequence identity was 100%, P95%, or P90%, depending on the test. The matching sequences in AllergenOnline v12, if any, were
removed from AllergenOnline v12 to form a reduced allergen database. The query protein was evaluated for allergenicity against the reduced allergen database for each
specified allergenic assessment criterion and declared either a true positive (TP), false positive (FP), true negative (TN), or false negative (FN). The original AllergenOnline v12
database was restored, and the process was repeated for each of the remaining query proteins. The total number of TPs, FPs, TNs, and FNs produced using each allergenic
assessment criterion was used to calculate the criterion’s sensitivity (SE) and specificity (SP).
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2.3. Determination of ‘‘real’’ allergenicity using query set proteins

Prior to any analysis, each UniProtKB/Swiss-Prot query protein
was assessed for its ‘‘real allergenicity’’ by comparison to
AllergenOnline v12. For the first set of evaluations a query protein
was considered a‘‘real allergen’’ if it possessed 95% identity with a
sequence in AllergenOnline v12; otherwise it was considered a
non-allergen. Of the 27,243 sequences checked, 263 were
thereby designated real allergens. Subsequently all evaluations
were repeated using both a very stringent requirement of 100%
identity followed by a less stringent requirement of 90% identity
to determine real allergenicity, yielding 228 and 294 allergens
respectively.

2.4. Creation of reduced allergen lists

Because, by definition, any protein in the query protein dataset
that had been designated a real allergen is identical or nearly iden-
tical (90–100% identity) to a protein in AllergenOnline v12, it
would of course always assess positively as a possible allergen
regardless of the assessment criterion used. Since the goal of this
study was the determination of criteria to assess unknown proteins
for potential allergenicity, each real allergen in the query protein
dataset was assessed for possible allergenicity by using a slightly
reduced version of AllergenOnline v12 from which the sequences
with 100%, 95%, or 90% identity (as appropriate for the specific test)
had been removed. See Fig. 1.

2.5. Classification of assessed query proteins

Assessment for potential allergenicity of the proteins in the
query protein dataset was made according to various criteria as
shown in Tables 1 and 2. Any query protein that was assessed as
potentially allergenic was declared a true positive (TP) if a real aller-
gen and a false positive (FP) if not. Conversely, any query protein
that was assessed as non-potentially-allergenic was declared a
false negative (FN) if a real allergen and a true negative (TN) if not.

2.6. Metrics

The criteria for allergenic assessment classify a real allergen as
either a TP or a FN. The ability to distinguish the two types is quan-
tified via the sensitivity (SE) (Baldi et al., 2000), where

SE ¼ TP=ðTPþ FNÞ ð1Þ

If SE = 0, this indicates that all allergens were incorrectly desig-
nated false, while if SE = 1, all allergens were correctly designated
true.

Conversely, a non-allergen may be called either a TN or a FP;
Specificity (SP) is given as (Baldi et al., 2000; Burset and Guigo,
1996).

SP ¼ TN=ðTNþ FPÞ: ð2Þ

SP also assumes a range from 0 to 1; if SP = 1, this means that
there are no false positives.

2.7. Comparison of test criteria

The proteins in the query protein dataset at each level of real
allergenicity determination (100%, 95%, and 90%) were assessed
using various criteria, including two alternative criteria under the
Codex guidelines (Established Method 1 and Established Method
2, Table 1) and numerous proposed criteria (Table 2), producing
criterion-specific numbers of TPs, FNs, TNs, FPs, and consequently
SEs and SPs. The SE and SP for Established Method 2 were then
compared against the SE and SP for each proposed criterion. If
the SE for the proposed criterion was lower than the SE for Estab-
lished Method 2, then the proposed criterion was considered infe-
rior to Established Method 2 for SE (and likewise for SP).
Otherwise, the proposed criterion was considered comparable or
superior for the relevant metric. The ‘‘best’’ proposed criteria were
the ones that yielded the greatest improvement in SP without any
reduction in SE.

2.8. Hardware and software

Production of reduced allergen lists, analyses per pre-specified
criteria, and determination of TPs, FPs, TNs, FNs, SEs, and SPs were
achieved with in-house Perl (ActiveState version 5.12.3, http://
www.activestate.com) scripts operating on a personal computer.
The FASTA alignment program (Pearson and Lipman, 1988) (ver-
sion 35.4.4) was used for processing alignments of query proteins
against the AllergenOnline v12 allergens.

3. Results

3.1. Determination of the real allergenicity of proteins in the query
protein dataset

All of the results shown below are for the case where the actual
allergenicity of a query protein was determined at the 95% level
(i.e., a query protein was identified as a real allergen if it possesses
95% (or greater) identity to a protein in the AllergenOnline v12
database). This non-exactness was permitted to account for those
instances where a few amino acid changes would otherwise result
in a classification of a protein as a non-allergen.

3.2. Allergenic assessment using Established Method 1 produces mostly
false positives

The Food and Agriculture Organization (FAO)/World Health
Organization (WHO) Codex Principles and Guidelines on Foods De-
rived from Biotechnology (2001) originally recommended a positive
assessment of possible allergenicity for a query protein if there is (1)
any alignment between any 80-amino-acid-long window on the
query protein and an allergen with P35% sequence identity over
an alignment length P80 or (2) any sequence of six or more amino

Table 1
The 2 ‘‘Established Methods’’ used to assess allergenicity, the criteria used by each to make the determination, and their sensitivities (SE) and specificities (SP). SEs and SPs for the
data in this table are calculated under the assumption that a query protein is a real allergen if its sequence matches a sequence in AllergenOnline v12 with 95% identity (see
Section 2).

Assessment
name

Potential allergenicity criteria SE SP

Established
Method 1

Any alignment between any 80-amino-acid-long window on the query protein and an allergen having P35% sequence identity over
an alignment length P80 OR any sequence of six or more amino acids found in both the query protein and an allergen

0.992 0.147

Established
Method 2

Any alignment between a query protein and an allergen having P35% sequence identity over an alignment length P80 OR any
sequence of eight or more amino acids found in both the query protein and an allergen

0.951 0.898
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acids found in both the query protein and an allergen (Table 1, Estab-
lished Method 1). The UniProtKB/Swiss-Prot plant proteins analyzed
according to Established Method 1 produced a SE of 0.992 and a SP of
0.147, indicating an excellent ability to detect true positives but very
poor ability to detect true negatives.

3.3. Allergenic assessment using Established Method 2 substantially
reduces false positives

Because the original FAO/WHO guidelines produce such an
abundance of false positives their implementation often proves

untenable. Alternate criteria designate a query protein potentially
allergenic if there is (1) any alignment between the query protein
and an allergen with P35% sequence identity over an alignment
length P80 or (2) some sequence of at least eight-amino-acids
found in both the query protein and an allergen (Table 1, Estab-
lished Method 2). In practice Established Method 2 is considerably
more robust than Established Method 1, producing many fewer
false positive results.

The UniProtKB/Swiss-Prot plant proteins were evaluated per
Established Method 2, producing a SE of 0.951 and a SP of 0.898.
The substantial increase in SP from the level resulting from the

Table 2
The 17 categories of potential criteria used to assess allergenicity (and the criteria used by each to make the determination). For each category, the specific condition(s) used to
produce the highest specificity (SP) with sensitivity equal to (or greater than) that of Established Method 2 (0.951) is provided (or ‘‘none’’ if there are no specific conditions that
can produce an equivalent sensitivity). Note that the sensitivity (SE) of Established Method 2 is 0.898. SEs and SPs for Established Method 2 and for the data in this table are
calculated under the assumption that a query protein is a real allergen if it matches a sequence in AllergenOnline v12 with 95% identity (see Section 2).

Assessment name Potential allergenicity criteria Specific conditions
used

SP

Potential Criteria
Category 1

Any alignment between a query protein and an allergen having P35% sequence identity over an alignment length
P80 (1 criterion tested)

None None

Potential Criteria
Category 2

Any sequence, at or above a specified length, found in both a query protein and an allergen (10 criteria tested) None None

Potential Criteria
Category 3

Any alignment between a query protein and an allergen with an E-value at or below some specified threshold (6
criteria tested, Table S1)

E-value = 10�6 0.918

Potential Criteria
Category 4

Any alignment between a query protein and an allergen having P35% sequence identity over an alignment length
P80 OR any sequence, at or above a specified length, found in both a query protein and an allergen (10 criteria
tested, Table S2)

Length = 13 aa 0.935

Potential Criteria
Category 5

Any alignment between a query protein and an allergen having P35% sequence identity over an alignment length
P80 AND any sequence, at or above a specified length, found in both a query protein and an allergen (10 criteria
tested)

None None

Potential Criteria
Category 6

Any alignment between a query protein and an allergen having P35% sequence identity over an alignment length
P80 OR any alignment between a query protein and an allergen with an E-value at or below some specified
threshold (10 criteria tested, Table S3)

E-value = 10�18 0.929

Potential Criteria
Category 7

Any alignment between a query protein and an allergen having P35% sequence identity over an alignment length
P80 AND any alignment between a query protein and an allergen with an E-value at or below some specified
threshold (10 criteria tested)

None None

Potential Criteria
Category 8

Any sequence, at or above a specified length, found in both a query protein and an allergen OR any alignment
between a query protein and an allergen with an E-value at or below some specified threshold (60 criteria tested,
Table S4)

Length = 9 aa E-
value = 10�8

0.919

Potential Criteria
Category 9

Any sequence, at or above a specified length, found in both a query protein and an allergen AND any alignment
between a query protein and an allergen with an E-value at or below some specified threshold (60 criteria tested,
Table S5)

Length = 6 aa E-
value = 10�4

0.910

Potential Criteria
Category 10

Any alignment between a query protein and an allergen having P35% sequence identity over an alignment length
P80 OR any sequence, at or above a specified length, found in both a query protein and an allergen OR any
alignment between a query protein and an allergen with an E-value at or below some specified threshold (60
criteria tested, Table S6)

Length = 13 aa E-
value = 10�20

0.931

Potential Criteria
Category 11

[Any alignment between a query protein and an allergen having P35% sequence identity over an alignment
length P80 OR any sequence, at or above a specified length, found in both a query protein and an allergen AND
any alignment between a query protein and an allergen with an E-value at or below some specified threshold (60
criteria tested, Table S7)

Length = 13 aa
E-value = 10�4

0.942

Potential Criteria
Category 12

[Any alignment between a query protein and an allergen having P35% sequence identity over an alignment
length P80 OR any alignment between a query protein and an allergen with an E-value at or below some
specified threshold] AND any sequence, at or above a specified length, found in both a query protein and an
allergen (60 criteria tested, Table S8)

Length = 6 aa
E-value = 10�12

0.926

Potential Criteria
Category 13

[Any sequence, at or above a specified length, found in both a query protein and an allergen OR any alignment
between a query protein and an allergen with an E-value at or below some specified threshold] AND any
alignment between a query protein and an allergen having P35% sequence identity over an alignment length
P80 (60 criteria tested)

None None

Potential Criteria
Category 14

[Any alignment between a query protein and an allergen having P35% sequence identity over an alignment
length P80 AND any sequence, at or above a specified length, found in both a query protein and an allergen] OR
any alignment between a query protein and an allergen with an E-value at or below some specified threshold (60
criteria tested, Table S9)

Length = 8 aa
E-value = 10�8

0.925

Potential Criteria
Category 15

[Any alignment between a query protein and an allergen having P35% sequence identity over an alignment
length P80 AND any alignment between a query protein and an allergen with an E-value at or below some
specified threshold] OR any sequence, at or above a specified length, found in both a query protein and an allergen
(60 criteria tested, Table S10)

Length = 13 aa
E-value = 10�4

0.942

Potential Criteria
Category 16

[Any sequence, at or above a specified length, found in both a query protein and an allergen AND any alignment
between a query protein and an allergen with an E-value at or below some specified threshold] OR any alignment
between a query protein and an allergen having P35% sequence identity over an alignment length P80 (60
criteria tested, Table S11)

Length = 7 aa
E-value = 10�18

0.932

Potential Criteria
Category 17

Any alignment between a query protein and an allergen having P35% sequence identity over an alignment length
P80 AND any sequence, at or above a specified length, found in both a query protein and an allergen AND any
alignment between a query protein and an allergen with an E-value at or below some specified threshold (60
criteria tested)

None None
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use of Established Method 1 confirms that the quantity of false
positives is dramatically reduced, accounting now for about 10%
of the non-allergens. This reduction in false positives is achieved
alongside a much smaller reduction in the ability to detect false
negatives.

3.4. The predictive ability of Established Method 2 is determined by its
‘‘alignment’’ component rather than its ‘‘8-mer’’ component

Established Method 2 contains two components: A query pro-
tein is potentially allergenic if it either (1) aligns to an allergen
with P35% sequence identity over an alignment length P80 (the
‘‘alignment’’ component) or (2) contains some sequence of eight
or more amino acids found in both it and an allergen (the ‘‘8-
mer’’ component). These two components can be used separately
as criteria to determine SE and SP (Table 2, Proposed Criteria Cat-
egories 1 and 2).

Analysis of the UniProtKB/Swiss-Prot protein set using only the
alignment component produces a SE of 0.947 and a SP of 0.936.
Consequently, the alignment component when used by itself, com-
pared to using all of Established Method 2, significantly raises the
SP (i.e., lowers the number of false positives) but also very slightly
lowers the SE (i.e., raises the number of false negatives).

Assessment of allergenicity using only the 8-mer component
produces a SE of 0.920 and an SP of 0.922. These numbers indicate
a reduction in false positives compared to the level achieved when
both the alignment and 8-mer components are employed simulta-
neously, but this reduction arises alongside a significant and unac-
ceptable increase in false negatives.

A close examination of the data shows that precisely one of the
263 real allergens in the UniProtKB/Swiss-Prot query protein data-
set is missed by the alignment component but found by the 8-mer
component. This protein is CUCM1_CUCME, cucumisin, a serine
protease from muskmelon. While it produces no alignments with
P35% sequence identity over an alignment length P80 to any
allergens in its reduced AllergenOnline v12 database (see Sec-
tion 2.4), it does possess a common 8-mer with four fungal aller-
gens (gi numbers 289172, 21069093, 4587983, and 6684758).
The identifying 8-mer contains one portion of the catalytic triad
for these proteins (Arnorsdottir et al., 2005; Betzel et al., 1993;
Chou et al., 2002; Chow et al., 2000; Frederick et al., 1993; Su
et al., 1999). Therefore, even though there are no homologous se-
quences to this query protein in its reduced allergen database, a
conserved feature in distantly-related allergens led to a correct
hit. However, and importantly, the 8-mer that implicates the query
protein is not its epitope; it is merely fortuitous that other serine
proteases with a conserved catalytic motif happen to be allergens.
Since the positive assessment is unrelated to the proteins’ aller-
genic potentials, the presence of the match does not provide any
evidence of the 8-mer component’s general utility as a predictor
of possible allergenicity. And since all of the other TPs resulting
from the use of Established Method 2 were identified by the align-
ment component, it appears that the 8-mer component provides
no predictive value at all.

3.5. A sequence of amino acids found in both a query protein and an
allergen, of any examined length, does not predict allergenicity of the
protein as well as Established Method 2

Length thresholds in the range from six to fifteen were used to
assess SE and SP in the query protein datasets (Table 2, Proposed
Criteria Category 2). Used as allergenic assessment criteria, no
length threshold performed as well as Established Method 2. When
the minimum length was set to six, SE rose to 0.989 while SP
dropped to 0.150, indicating that almost all of the query proteins,
whether allergens or not, contained a sequence of six or more

amino acids also found in an allergen. (Note that these values are
almost the same as those obtained from the application of Estab-
lished Method 1 above, suggesting that the high SE and very low
SP obtained using Established Method 1 result principally from
the presence of six-amino-acid-long (or longer) sequences found
in both the query proteins and the allergens and not because 80-
amino-acid-long ‘‘windows’’ derived from the query protein se-
quences produce numerous above-threshold alignments to the
allergen sequences.) A length threshold of seven gave inferior per-
formance relative to Established Method 2 for both SE and SP (data
not shown). All other length thresholds, when compared to Estab-
lished Method 2, gave inferior performance for SE, suggesting that
these longer sequences found in both the query proteins and the
allergens, by themselves, cannot adequately identify a potential
allergen (data not shown).

3.6. E-value predicts protein allergenicity better than Established
Method 2

One of the premier metrics quantifying the significance of a se-
quence alignment made by the FASTA alignment tool (Pearson and
Lipman, 1988) is the E-value, which is indicative of the possibility
that a particular sequence alignment could occur by chance. Lower
E-values signify more biologically relevant alignments.

It has been suggested that an alignment between a query pro-
tein and an allergen possessing an E-value below �10�6 may indi-
cate that the query protein is allergenic (Silvanovich et al., 2009).
The proteins in the query protein dataset were assessed for aller-
genicity, and SE and SP determined, using E-value thresholds of
10�12, 10�10, 10�8, 10�6, 10�4, or 10�2 as the sole criterion (Table 2,
Proposed Criteria Category 3). At a threshold of 10�8, SE is lower
and SP is higher than that achieved with Established Method 2
(Table S1). At a threshold of 10�2, SE is higher and SP is lower than
that achieved with Established Method 2. Between these levels,
both SE and SP are comparable to or higher than the values
achieved with Established Method 2. In fact, at an E-value thresh-
old of 10�6, without any reduction in SE, SP rises to 0.918 (from
0.898 when Established Method 2 is used), equivalent to a decrease
in false positives of 19.9%.

3.7. Some double-component criteria can be used to assess
allergenicity with greater SE and SP than any single-component
criterion

As shown above, some E-value thresholds, by themselves, can
be used to assess allergenicity with comparable or greater SE and
SP than Established Method 2 (which is a double-component crite-
rion). Nevertheless, it was hoped that some other double-compo-
nent criterion, would enhance performance even more. Thus,
various double-component criteria were devised and tested for
their ability to assess query proteins for allergenicity. Each dou-
ble-component criterion consisted of two of the following three
criteria: (1) a check for the presence of an alignment between a
query protein and an allergen having P35% sequence identity over
an alignment length P80; (2) a check for the presence of a se-
quence, at or above a specified length, found in both a query pro-
tein and an allergen; and (3) a check for the presence of an
alignment between a query protein and an allergen with an E-va-
lue at or below some specified threshold.

In the first dual combination, a query protein is considered poten-
tially allergenic if there is (1) an alignment between it and an aller-
gen having P35% sequence identity over an alignment length of
P80 or (2) some sequence above a certain length found in both
the query protein and an allergen (Table 2, Proposed Criteria Cate-
gory 4). (Note that when the length threshold is set to eight, this pro-
posed criterion is the same as Established Method 2.) The analyses
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show that this potential criteria category’s best performance is
achieved when the length threshold is raised from eight to thirteen
– SP increases from 0.898 to 0.935, representing a 36.4% reduction in
false positives, without any reduction in SE (Table S2).

The second dual combination designates a query protein poten-
tially allergenic if there is (1) an alignment between it and an aller-
gen having P35% sequence identity over an alignment length of
P80 and (2) some sequence above a certain length found in both
the query protein and an allergen (Table 2, Proposed Criteria Cate-
gory 5). For all length thresholds explored (i.e., 6–15), SE deterio-
rated when compared to the results obtained with Established
Method 2 (data not shown).

In the third dual combination, a protein is considered poten-
tially allergenic if there is (1) an alignment between it and an aller-
gen having P35% sequence identity over an alignment length of
P80 or (2) an alignment between it and an allergen with an E-va-
lue below a specified limit (Table 2, Proposed Criteria Category 6).
The best-performingE-value threshold in this proposed criteria cat-
egory was 10�18; producing a SP or 0.929, or a 30.8% reduction in
false positives, with no reduction in SE, when compared to the val-
ues obtained by using Established Method 2 (Table S3).

The fourth dual combination calls a query protein a potential
allergen if there is (1) an alignment between it and an allergen hav-
ing P35% sequence identity over an alignment length of P80 and
(2) an alignment between it and an allergen with an E-value below
a specified limit (Table 2, Proposed Criteria Category 7). The results
indicate that SE deteriorated, compared to the values obtained by
using Established Method 2, across the full range (10�20–10�2) of
E-values explored (data not shown).

In the fifth dual combination, a protein is considered potentially
allergenic if there is (1) some sequence above a certain length found
in both it and an allergen or (2) an alignment between it and an aller-
gen with an E-value below a specified limit (Table 2, Proposed Crite-
ria Category 8). These analyses showed once again that some criteria
employing double components can yield SPs exceeding those de-
rived from the use of Established Method 2 while delivering no
reduction in SE (Table S4). The best length and E-value thresholds
producing this result were 9 and 10�8, respectively: SP rose to
0.919, signifying a 20.5% reduction in false positives.

The final dual combination finds a query protein potentially aller-
genic when there is (1) some sequence above a certain length found
in both it and an allergen and (2) an alignment between it and an
allergen with an E-value below a specified limit (Table 2, Proposed
Criteria Category 9). One combination of length and E-value thresh-
olds in the ranges explored produced an increase in SP, relative to the
level obtained with Established Method 2, without a reduction in SE
(Table S5). At a length threshold of 6 and an E-value of 10�4, SP rose
to 0.910 – equivalent to a decrease of 11.7% in false positives.

3.8. Some triple-component criteria can be used to assess allergenicity
with greater SE and SP than any single- or double-component criterion

Various double-component criteria, then, can be used to assess
query proteins for allergenicity with performance that is superior
to that obtained from any single-component criterion. This success
suggested that triple-component criteria should also be investi-
gated. All triple-component criteria examined included all three
of the following components in various combinations: (1) a check
for the presence of an alignment between a query protein and an
allergen having P35% sequence identity over an alignment length
P80; (2) a check for the presence of a sequence, at or above a spec-
ified length, found in both a query protein and an allergen; and (3)
a check for an alignment between a query protein and an allergen
with an E-value at or below some specified threshold.

The first triple combination declares a query protein potentially
allergenic if there is (1) an alignment between it and an allergen hav-

ing P35% sequence identity over an alignment length of P80 or (2)
some sequence above a certain length found in both it and an aller-
gen or (3) an alignment between it and an allergen with anE-value
below a specified limit (Table 2, Proposed Criteria Category 10). Most
of the length and E-value thresholds tested gave higher SP without
sacrifice in SE when compared to the Established Method 2 results
(Table S6). The best SP obtained without reduction in SP was
0.931, representing a 32.2% reduction in false positives, using a
length threshold of 13 and an E-value threshold of 10�20.

The second triple combination identifies a query protein as a
potential allergen when there is either (1) an alignment between
it and an allergen having P35% sequence identity over an align-
ment length of P80 or (2) some sequence above a certain length
found in both it and an allergen, and (3) there is an alignment be-
tween it and an allergen with anE-value below a specified limit
(Table 2, Proposed Criteria Category 11). Application of this crite-
rion produced superior SP without reduction in SE, relative to
Established Method 2, at 16 length and E-value thresholds
(Table S7). The best thresholds, at 13 and 10�4, respectively, gave
a SP of 0.942, equal to a 43.4% reduction in false positives.

The use of this criterion for assessment of potential allergenicity
produces the best results in this study, so it is useful here to show
how some particular query proteins perform when evaluated under
Established Method 2 and under this criterion. Of the 263 real aller-
gens in the query protein dataset, the same 250 are identified cor-
rectly by both criteria (data not shown). However, as the statistics
indicate, the number of FPs is much greater when Established Meth-
od 2 is used than when this proposed criterion is used (there are
2752 FPs under Established Method 2 and 1558 FPs under this crite-
rion). Two randomly-selected query proteins that are FPs under
Established Method 2 but TNs under this criterion are CYT4_ORYSJ
and GAT22_ARATH. CYT4_ORYSJ is cysteine protease inhibitor 4
from Oryza sativa subsp. japonica (rice). It has an alignment to a phy-
tocystatin from Actinidia deliciosa (kiwi) with 36.8% sequence iden-
tity over an alignment length of 106, but it has no alignments with an
E-value less than 0.0012 and likewise no short sequences in common
with any allergen. Under Established Method 2, the sequence iden-
tity and length of the alignment with the kiwi protein is sufficient to
erroneously mark it a positive. However, under the proposed crite-
rion considered here, because it must also have an alignment with
an E-value less than or equal to 0.0001 to be considered a positive,
it is properly labeled a negative.

GAT22_ARATH is (putatively) GATA transcription factor 22 from
Arabidopsis thaliana. It has no alignments to any allergens with
P35% sequence identity over an alignment length of P80 nor with
an E-value less than or equal to 0.0001. However it does contain a
sequence of eight sequential glutamines (Qs) that is also found in
numerous wheat allergens. Under Established Method 2, this string
is sufficient to erroneously mark the query protein a positive, but
because it has no alignment with sufficiently low E-value, the pro-
posed criterion correctly calls it a negative.

The third triple combination finds a query protein potentially
allergenic when there is either (1) an alignment between it and
an allergen having P35% sequence identity over an alignment
length of P80 or (2) an alignment between it and an allergen with
an E-value below a specified limit, and (3) it contains some se-
quence above a certain length found in both it and an allergen (Ta-
ble 2, Proposed Criteria Category 12). At a length threshold of six
and at various E-value thresholds, these criteria in this category,
compared to Established Method 2, produced superior SP without
a reduction in SE, with the best improvement in SP occurring at an
E-value threshold of 10�12: SP at these thresholds was 0.926, rep-
resenting a drop in false positives of 27.1% (Table S8).

In the fourth triple combination, a query protein is identified as
a potential allergen if there is either (1) some sequence above a
certain length found in both its sequence and an allergen sequence
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or (2) an alignment between it and an allergen with an E-value be-
low a specified limit, and (3) there is an alignment between it and
an allergen having P35% sequence identity over an alignment
length of P80 (Table 2, Proposed Criteria Category 13). No pro-
posed criteria in this category produced an SE comparable to the
SE produced using Established Method 2 (data not shown).

The fifth triple combination calls a query protein potentially
allergenic when there is both (1) an alignment between it and an
allergen having P35% sequence identity over an alignment length
P80 and (2) some sequence above a certain length found in both it
and an allergen, or (3) there is an alignment between it and an
allergen with an E-value below a specified limit (Table 2, Proposed
Criteria Category 14). Many of the proposed criteria in this cate-
gory produced superior SP without a reduction in SE, compared
to Established Method 2 (Table S9). The best length and E-value
thresholds found (at 8 and 10�8, respectively) gave a SP of 0.925,
equal to a 26.6% reduction in false positives.

The sixth triple combination – a query protein is potentially aller-
genic when there is both (1) an alignment between it and an allergen
having P35% sequence identity over an alignment length P80 and
(2) an alignment between it and an allergen with an E-value below
a specified limit, or (3) it contains some sequence above a certain
length found in both it and an allergen (Table 2, Proposed Criteria
Category 15) – found a dozen cases where the length and E-value
threshold used produced, compared to Established Method 2, supe-
rior SP without reduced SE (Table S10). The best instance of this oc-
curred at a length threshold of 13 and an E-value threshold of 10�4,
yielding a SP of 0.942 or a reduction in false positives of 43.2%.

The seventh triple combination declares a query protein a poten-
tial allergen if there is both (1) some sequence above a certain length
found in both it and an allergen and (2) an alignment between it and
an allergen with anE-value below a specified limit, or (3) there is an
alignment between it and an allergen having P35% sequence iden-
tity over an alignment length P80 (Table 2, Proposed Criteria Cate-
gory 16). Eight of the length and E-value thresholds examined in this
category, compared to Established Method 2, gave a superior SP with
comparable or greater SE (Table S11). The best length and E-value
thresholds (7 and 10�18, respectively) produces a SP of 0.932, equal
to a 33.2% reduction in false positives.

The last triple combination calls a query protein potentially aller-
genic when there is (1) an alignment between it and an allergen hav-
ing P35% sequence identity over an alignment length P80 and (2)
some sequence of amino acids above a certain length found in both
it and an allergen and (3) an alignment between it and an allergen
with anE-value below a specified limit (Table 2, Proposed Criteria
Category 17). Using these criteria, all of the length and E-value
thresholds in the range explored gave reduced SE compared to the
values obtained under Established Method 2 (data not shown).

3.9. Determination of real allergenicity at the 90% and 100% identity
levels produces comparable or superior performance to the above data

All of the above tests were subsequently repeated with both a
more-stringent (100% identity requirement) and less-stringent
(90% identity requirement) test for actual allergenicity. For both
the 100% and the 90% identity requirements, and for each of the
17 proposed criteria categories, the results were comparable to
or superior to those obtained at the 95% level (data not shown).
Therefore, the data presented above produces the most conserva-
tive interpretation available from analyses at these three levels.

4. Discussion

This study determined the sensitivities and specificities result-
ing from the use of two established methods and hundreds of pos-
sible methods (in 17 categories) to assess transgenic proteins, in

silico, for their potential allergenicity. The earliest guidelines
(FAO/WHO, 2001) (Established Method 1) unfortunately flagged
an enormous fraction of non-allergens as possible problem pro-
teins: 85% of the non-allergens in the query protein datasets eval-
uated here were found to be potentially allergenic by this method.
This finding is in accord with previous research by Lim et al. (2008)
demonstrating that Established Method 1, while correctly identify-
ing most of the true positives, nevertheless also produced a wealth
of false positives. The use of Established Method 2 as a test for po-
tential allergenicity substantially reduces the false positive rate,
from �85% to �10%, while only slightly lowering the ability to de-
tect true positives. The data here show how the assessment for the
detection of possible allergenicity can be modified in ways that fur-
ther reduce the fraction of false positives while maintaining Estab-
lished Method 2’s ability to detect true positives. This can be
accomplished using numerous criteria as shown in Section 3. How-
ever, the most effective criterion found declares a query protein
potentially allergenic if there is either (1) an alignment between
it and an allergen having P35% sequence identity over an align-
ment length P80 or (2) some sequence of 13 or more amino acids
found both in it and an allergen, and (3) there is an alignment be-
tween it and an allergen with an E-value 610�4. When both this
proposed criterion and Established Method 2 were applied against
the same query protein dataset, the proposed criterion produced
fewer than 6% false positives – a reduction of �43% from Estab-
lished Method 2’s 10% false positive level – while causing no in-
crease in false negatives. This reduction is highly significant, as
positive hits often require extensive experimental follow-up to
determine the protein’s actual risk – which can be both expensive
and time-consuming. A change from current practice to this pro-
posed method could therefore help reduce developmental costs
and time-to-market for transgenic crops and has no obvious
downside.

Any proteins in the query protein dataset that do not match an
allergen in the allergen database at one of the three identity
threshold levels (depending on the test) are assumed to be non-
allergens. And yet, it could be that the allergen database is incom-
plete and that in some future incarnation of the database, contain-
ing more allergens, there would be more query proteins designated
real allergens and fewer designated non-allergens. How might this
affect the results? Because SE is the ratio of TPs to the total number
of real allergens and SP is the ratio of TNs to the total number of
non-allergens, our SE and SP values for each criterion would not
change provided the fraction of newly designated real allergens
that assessed positively under that criterion remained constant
(i.e., the newly-designated real allergens behaved the same as
the previously-assessed allergens in the way they distribute as
TPs, FNs, TNs, and FPs). This is not guaranteed, but one way to test
this ‘‘in reverse’’ is to repeat all of our tests with a prior version of
the database. We completed an identical set of evaluations using
the previous version of the database (AllergenOnline v11), which
contains 1491 sequences rather than the 1603 sequences in Allerg-
enOnline v12, and obtained results that are very similar to those
provided in this paper (data not shown).

There are surely many additional allergenic assessment criteria
that could be explored. For example, the alignment identity thresh-
old was kept constant in this study at 35%, though a variety of
thresholds might have been examined – alone and in various com-
binations with contiguous identity length and E-value thresholds.
A second possible permutation on the assessment criteria involves
the location of the short sequence found in both the query protein
and an allergen. In Established Method 2, and in all of the data de-
scribed in results and shown in the tables, it is sufficient for such a
short sequence to exist irrespective of its location (i.e., it does not
need to be located within an alignment between the query protein
and an allergen meeting or exceeding the 35% sequence identity/80
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length-of-alignment requirement). However, it would seem to be a
reasonable hypothesis that the short sequence represents an epi-
tope that might be expected to appear in the context of a longer re-
gion of similarity, so that restricting its location to the broader
alignment might improve the SE above the levels found. Third, if
the short sequence actually does represent an epitope in broader
context, then both it and the longer alignment would be expected
to match the same allergen – and a criterion could be developed
that tests for allergenic potential with this restriction as a require-
ment. Fourth, an allergen is typically composed of both allergenic
and non-allergenic domains. Shrimp tropomyosin, for example,
has five allergenic domains separated by intervening sequences
(Ayuso et al., 2002; Reese et al., 2005). If an above-threshold align-
ment between a query protein and an allergen or an above-length-
threshold sequence found in both the query protein and an aller-
gen arises within the portion of an allergen that does not contain
an allergenic domain, that alignment probably should not be used
to trigger a positive potential allergenicity assessment.

All of these modifications would be interesting to test. Never-
theless, the present report shows that there are numerous assess-
ment criteria – some only slight variations on Established Method
2 (e.g., simply raising the length threshold for a sequence found in
both the query protein and an allergen from eight to thirteen) –
that will maintain the current ability to detect possible allergenic
risk while also reducing the false positive rate and allowing effica-
cious crop traits to be brought to market in a more expedient man-
ner. The potential criteria proposed here should be tested by other
researchers, and if similar results are achieved they should be
strongly considered for incorporation into future guidelines for
the evaluation of GM crop safety.
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Table S1. SEs and SPs for Potential Criteria Category 3 (i.e., a query protein is declared 

potentially allergenic if any alignment to an allergen has an E-value at or below some specified 

value) to assess allergenicity of each protein in the query protein set. These SEs and SPs are 

compared to those arising from the use of Established Method 2 (i.e., a query protein is 

declared potentially allergenic if any alignment to an allergen has a length of 80 or greater 

amino acids and a sequence identity of 35% or greater OR some sequence of at least eight 

amino acids exists in both the query protein and an allergen) on the same proteins. Blue fill 

indicates that Potential Criterion 3 is inferior to Established Method 2 for SE but equal to or 

superior to Established Method 2 for SP. Green fill indicates that Potential Criterion 3 is equal to 

or superior to Established Method 2 for both SE and SP. Yellow fill indicates that Potential 

Criterion 3 is equal to or superior to Established Method 2 for SE but inferior to Established 

Method 2 for SP. The red square highlights the best-performing E-value threshold. 

 

 

 



Table S2. SEs and SPs for Potential Criteria Category 4 (i.e., a query protein is declared 

potentially allergenic if (any alignment to an allergen has a length of 80 or greater amino acids 

and a sequence identity of 35% or greater) OR (some sequence of amino acids of some 

minimum specified length exists in both the query protein and an allergen)) to assess 

allergenicity of each protein in the query protein set. These SEs and SPs are compared to those 

arising from the use of Established Method 2 (i.e., a query protein is declared potentially 

allergenic if any alignment to an allergen has a length of 80 or greater amino acids and a 

sequence identity of 35% or greater OR some sequence of at least eight amino acids exists in 

both the query protein and an allergen) on the same proteins. Blue fill indicates that Potential 

Criterion 4 is inferior to Established Method 2 for SE but equal to or superior to Established 

Method 2 for SP. Green fill indicates that Potential Criterion 4 is equal to or superior to 

Established Method 2 for both SE and SP. Yellow fill indicates that Potential Criterion 4 is equal 

to or superior to Established Method 2 for SE but inferior to Established Method 2 for SP. The 

red square highlights the best-performing length threshold. 

 

 

 



Table S3. SEs and SPs for Potential Criteria Category 6 (i.e., a query protein is declared 

potentially allergenic if (any alignment to an allergen has a length of 80 or greater amino acids 

and a sequence identity of 35% or greater) OR (any alignment to an allergen has an E-value at 

or below some specified value)) to assess allergenicity of each protein in the query protein set. 

These SEs and SPs are compared to those arising from the use of Established Method 2 (i.e., a 

query protein is declared potentially allergenic if any alignment to an allergen has a length of 80 

or greater amino acids and a sequence identity of 35% or greater OR some sequence of at least 

eight amino acids exists in both the query protein and an allergen) on the same proteins. Blue 

fill indicates that Potential Criterion 6 is inferior to Established Method 2 for SE but equal to or 

superior to Established Method 2 for SP. Green fill indicates that Potential Criterion 6 is equal to 

or superior to Established Method 2 for both SE and SP. Yellow fill indicates that Potential 

Criterion 6 is equal to or superior to Established Method 2 for SE but inferior to Established 

Method 2 for SP. The red square highlights the best-performing E-value threshold. 

 

 

 



Table S4. SEs and SPs for Potential Criteria Category 8 (i.e., a query protein is declared 

potentially allergenic if (some sequence of amino acids of some minimum specified length exists 

in both the query protein and an allergen) OR (any alignment to an allergen has an E-value at or 

below some specified value)) to assess allergenicity of each protein in the query protein set. 

These SEs and SPs are compared to those arising from the use of Established Method 2 (i.e., a 

query protein is declared potentially allergenic if any alignment to an allergen has a length of 80 

or greater amino acids and a sequence identity of 35% or greater OR some sequence of at least 

eight amino acids exists in both the query protein and an allergen) on the same proteins. Blue 

fill indicates that Potential Criterion 8 is inferior to Established Method 2 for SE but equal to or 

superior to Established Method 2 for SP. Green fill indicates that Potential Criterion 8 is equal to 

or superior to Established Method 2 for both SE and SP. Yellow fill indicates that Potential 

Criterion 8 is equal to or superior to Established Method 2 for SE but inferior to Established 

Method 2 for SP. The red square highlights the best-performing E-value and length thresholds. 

 

 

 



Table S5. SEs and SPs for Potential Criteria Category 9 (i.e., a query protein is declared 

potentially allergenic if (some sequence of amino acids of some minimum specified length exists 

in both the query protein and an allergen) AND (any alignment to an allergen has an E-value at 

or below some specified value)) to assess allergenicity of each protein in the query protein set. 

These SEs and SPs are compared to those arising from the use of Established Method 2 (i.e., a 

query protein is declared potentially allergenic if any alignment to an allergen has a length of 80 

or greater amino acids and a sequence identity of 35% or greater OR some sequence of at least 

eight amino acids exists in both the query protein and an allergen) on the same proteins. Blue 

fill indicates that Potential Criterion 9 is inferior to Established Method 2 for SE but equal to or 

superior to Established Method 2 for SP. Green fill indicates that Potential Criterion 9 is equal to 

or superior to Established Method 2 for both SE and SP. Yellow fill indicates that Potential 

Criterion 9 is equal to or superior to Established Method 2 for SE but inferior to Established 

Method 2 for SP. The red square highlights the best-performing E-value and length thresholds. 

 

 

 



Table S6. SEs and SPs for Potential Criteria Category 10 (i.e., a query protein is declared 

potentially allergenic if (any alignment to an allergen has a length of 80 or greater amino acids 

and a sequence identity of 35% or greater) OR (some sequence of amino acids of some 

minimum specified length exists in both the query protein and an allergen) OR (any alignment to 

an allergen has an E-value at or below some specified value)) to assess allergenicity of each 

protein in the query protein set. These SEs and SPs are compared to those arising from the use 

of Established Method 2 (i.e., a query protein is declared potentially allergenic if any alignment 

to an allergen has a length of 80 or greater amino acids and a sequence identity of 35% or 

greater OR some sequence of at least eight amino acids exists between the query protein and 

an allergen) on the same proteins. Blue fill indicates that Potential Criterion 10 is inferior to 

Established Method 2 for SE but equal to or superior to Established Method 2 for SP. Green fill 

indicates that Potential Criterion 10 is equal to or superior to Established Method 2 for both SE 

and SP. Yellow fill indicates that Potential Criterion 10 is equal to or superior to Established 

Method 2 for SE but inferior to Established Method 2 for SP. The red square highlights the best-

performing E-value and length thresholds. 

 

 

 



Table S7. SEs and SPs for Potential Criteria Category 11 (i.e., a query protein is declared 

potentially allergenic if [(any alignment to an allergen has a length of 80 or greater amino acids 

and a sequence identity of 35% or greater) OR (some sequence of amino acids of some 

minimum specified length exists in both the query protein and an allergen)] AND (any alignment 

to an allergen has an E-value at or below some specified value)) to assess allergenicity of each 

protein in the query protein set. These SEs and SPs are compared to those arising from the use 

of Established Method 2 (i.e., a query protein is declared potentially allergenic if any alignment 

to an allergen has a length of 80 or greater amino acids and a sequence identity of 35% or 

greater OR some sequence of at least eight amino acids exists in both the query protein and an 

allergen) on the same proteins. Blue fill indicates that Potential Criterion 11 is inferior to 

Established Method 2 for SE but equal to or superior to Established Method 2 for SP. Green fill 

indicates that Potential Criterion 11 is equal to or superior to Established Method 2 for both SE 

and SP. Yellow fill indicates that Potential Criterion 11 is equal to or superior to Established 

Method 2 for SE but inferior to Established Method 2 for SP. The red square highlights the best-

performing E-value and length thresholds. 

 

 

 



Table S8. SEs and SPs for Potential Criteria Category 12 (i.e., a query protein is declared 

potentially allergenic if [(any alignment to an allergen has a length of 80 or greater amino acids 

and a sequence identity of 35% or greater) OR (any alignment to an allergen has an E-value at 

or below some specified value)] AND (some sequence of amino acids of some minimum 

specified length exists in both the query protein and an allergen)) to assess allergenicity of each 

protein in the query protein set. These SEs and SPs are compared to those arising from the use 

of Established Method 2 (i.e., a query protein is declared potentially allergenic if any alignment 

to an allergen has a length of 80 or greater amino acids and a sequence identity of 35% or 

greater OR some sequence of at least eight amino acids exists in both the query protein and an 

allergen) on the same proteins. Blue fill indicates that Potential Criterion 12 is inferior to 

Established Method 2 for SE but equal to or superior to Established Method 2 for SP. Green fill 

indicates that Potential Criterion 12 is equal to or superior to Established Method 2 for both SE 

and SP. Yellow fill indicates that Potential Criterion 12 is equal to or superior to Established 

Method 2 for SE but inferior to Established Method 2 for SP. The red square highlights the best-

performing E-value and length thresholds. 

 

 

 



Table S9. SEs and SPs for Potential Criteria Category 14 (i.e., a query protein is declared 

potentially allergenic if [(any alignment to an allergen has a length of 80 or greater amino acids 

and a sequence identity of 35% or greater) AND (some sequence of amino acids of some 

minimum specified length exists in both the query protein and an allergen)] OR (any alignment 

to an allergen has an E-value at or below some specified value)) to assess allergenicity of each 

protein in the query protein set. These SEs and SPs are compared to those arising from the use 

of Established Method 2 (i.e., a query protein is declared potentially allergenic if any alignment 

to an allergen has a length of 80 or greater amino acids and a sequence identity of 35% or 

greater OR some sequence of at least eight amino acids exists in both the query protein and an 

allergen) on the same proteins. Blue fill indicates that Potential Criterion 14 is inferior to 

Established Method 2 for SE but equal to or superior to Established Method 2 for SP. Green fill 

indicates that Potential Criterion 14 is equal to or superior to Established Method 2 for both SE 

and SP. Yellow fill indicates that Potential Criterion 14 is equal to or superior to Established 

Method 2 for SE but inferior to Established Method 2 for SP. The red square highlights the best-

performing E-value and length thresholds. 

 

 

 



Table S10. SEs and SPs for Potential Criteria Category 15 (i.e., a query protein is declared 

potentially allergenic if [(any alignment to an allergen has a length of 80 or greater amino acids 

and a sequence identity of 35% or greater) AND (any alignment to an allergen has an E-value at 

or below some specified value)] OR (some sequence of amino acids of some minimum 

specified length exists in both the query protein and an allergen)) to assess allergenicity of each 

protein in the query protein set. These SEs and SPs are compared to those arising from the use 

of Established Method 2 (i.e., a query protein is declared potentially allergenic if any alignment 

to an allergen has a length of 80 or greater amino acids and a sequence identity of 35% or 

greater OR some sequence of at least eight amino acids exists in both the query protein and an 

allergen) on the same proteins. Blue fill indicates that Potential Criterion 15 is inferior to 

Established Method 2 for SE but equal to or superior to Established Method 2 for SP. Green fill 

indicates that Potential Criterion 15 is equal to or superior to Established Method 2 for both SE 

and SP. Yellow fill indicates that Potential Criterion 15 is equal to or superior to Established 

Method 2 for SE but inferior to Established Method 2 for SP. The red square highlights the best-

performing E-value and length thresholds. 
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Table S11. SEs and SPs for Potential Criteria Category 16 (i.e., a query protein is declared 

potentially allergenic if [(some sequence of amino acids of some minimum specified length 

exists in both the query protein and an allergen) AND (any alignment to an allergen has an E-

value at or below some specified value)] OR (any alignment to an allergen has a length of 80 or 

greater amino acids and a sequence identity of 35% or greater)) to assess allergenicity of each 

protein in the query protein set. These SEs and SPs are compared to those arising from the use 

of Established Method 2 (i.e., a query protein is declared potentially allergenic if any alignment 

to an allergen has a length of 80 or greater amino acids and a sequence identity of 35% or 

greater OR some sequence of at least eight amino acids exists in both the query protein and an 

allergen) on the same proteins. Blue fill indicates that Potential Criterion 16 is inferior to 

Established Method 2 for SE but equal to or superior to Established Method 2 for SP. Green fill 

indicates that Potential Criterion 16 is equal to or superior to Established Method 2 for both SE 

and SP. Yellow fill indicates that Potential Criterion 16 is equal to or superior to Established 

Method 2 for SE but inferior to Established Method 2 for SP. The red square highlights the best-

performing E-value and length thresholds. 
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